During alcoholic fermentation, yeasts produce small amounts of higher aliphatic alco-. hols. This mixture of alcohols, often referred to as fusel oil, is composed principally of n-propanol (1-propanol), isobutanol (2-methyl-i-propanol), active pentanol (2-methyl-1-butanol), and isopentanol (3-methyl-1-butanol). Although these alcohols may contribute some flavor and body to wines and wine distillates, it is generally considered that when present in too large of amounts, they impair the flavor of the products. The formation of higher alcohols arises through decarboxylation and reduction of the appropriate a-keto acid (17, 18) . the aketo acid is produced either by transamination of an amino acid or by carbohydrate catabolism as was first shown by Thoukis (16) , SentheShanmuganathan and Elsden (14) , and SentheShanmuganathan (13) . Using cell-free systems these workers obtained expected aldehydes from a range of a-keto acids. They also studied the formation of alcohols from these aldehydes, using both cell-free extracts and crystalline yeast alcohol dehydrogenase (ADH). Kunkee et al. (6) studied the formation of n-propanol by cell-free extracts of yeasts. Dehydrogenase activities for several straight and branched-chain aliphatic alcohols in cellfree extracts of yeasts have been previously demonstrated by us (7) . Specificity of decarboxylases has been suggested to be an important factor in determining the proportions between the various higher alcohols formed (3, 15) . ' Present address: Department of Environmental Toxicology, University of California, Davis, CA 95616.
The present study concerns the investigations on the ADH activity in various wine yeast strains in reference to their fusel oil productivity, under vinification conditions. Depending on the conditions of growth, yeasts contain several isoenzymes of ADH that are relatively unspecific (1, 4, 8, 11, 12) . In recent studies, we (R. Singh, Ph.D. thesis, University of California, Davis, 1975) have found the same to be true in wine yeasts. However, in vinification conditions we found only one isozyme (ADH-I, 12) to be present in all ofthe yeast strains used in this work. In spite of this, the ADH specific activities were variable in various strains as were the levels of fusel oil produced. A high degree of correlation between these two kinds of variables was observed. prepared by dissolving 4 g of MnSO4 H2O, 4 g of ZnSO4, 1 g of CuSO4-5H2O, 1 g of KI, 1 g of H3BO3, 1 g of MoO3, and 0.5 g of Co(NO3)2 6H2O in 1 liter of distilled water. The vitamin stock solution was prepared by dissolving 2.5 mg of calcium-pantothenate, 10 ,g of biotin, 0.25 mg of thiamine, 0.25 mg of pyridoxine HCl, and 20 mg of inositol in 1 liter of distilled water. The medium was sterilized by being autoclaved. A total of 3 ml of yeast suspension of the 4-day-old cultures grown in the above medium was used to inoculate 150 ml of medium in 250-ml Erlenmeyer flasks. Growth was allowed to proceed in standing cultures at 25°C ambient temperature until the media were fermented to less than 0.2% residual reducing sugars (12 to 16 days). The fermentations were followed by daily measurements of reducing sugar with Dextrocheck tablets (Ames Co., Elkhart, Ind.). In the initial stages the flasks were occasionally shaken to provide some aeration and uniform cell distribution.
MATERIALS AND METHODS
Preparation of cell-free extracts. The yeast biomass was harvested by centrifugation at 1,000 x g for 10 min, washed twice with potassium phosphate buffer (0.02 M phosphate), pH 7.0, and ground with glass beads to make cell-free extracts as described previously (6) . Protein concentrations, in the cellfree extracts, were determined by the biuret method (2) using bovine serum albumin as a standard.
Measurements of enzyme activity. ADH activity in cell-free extracts (with any of the alcohols under study as substrates) was assayed by the measurement of nicotinamide adenine dinucleotide reduction at 340 nm in a Zeiss spectrophotometer, model PMQ II (9) . The optimal concentrations of the substrate alcohols used were: ethanol, 0.45 M; n-propanol, 0.30 M; isobutanol, 0.06 M; isopentanol, 0.04 M; and active pentanol, 0.04 M (7). Enzyme concentrations were adjusted so as to be in the linear range of the assay. One unit of activity was defined as the amount of enzyme causing a change in absorbance of 0.001/min, and the specific activity was units of activity per milligram of protein.
Analysis of higher alcohols. The concentrations of the fusel alcohols were measured in distillates of fermented broths. The modified method of Kahn and Blessinger (5), using a Hewlett-Packard model 5711A gas chromatograph equipped with a hydrogen flame ionization detector, was used. The column consisted of a heavy-wall, stainless steel tube (6 feet by 0.125 inch [outer diameter] [ca. 1.83 m by 0.32 cm]) packed with 100-to 120-mesh Gas-Chrom R (firebrick) coated with 2% each of glycerol and 1,2,6-hexanetriol. Column, injector, and detector temperatures were maintained at 65, 100, and 125°C, respectively. Four different standard solutions containing varying amounts of alcohols were prepared; 3-pentanol was used as an internal standard.
Chemicals and substrates. The source of chemicals, unless given above, and techniques for purification of substrate alcohols are described in a previous publication (7) .
Statistical analysis. The statistical analysis for correlation between ADH activity and the production of fusel alcohols by different yeast strains was done on a Hewlett-Packard model 9810A computer coupled to a Hewlett-Packard model 9862A calculator plotter.
RESULTS AND DISCUSSION
As has been previously indicated (10, 18) , we also found the amount ofhigher alcohol production to be dependent upon the strain of wine yeast. In addition, we found the ADH activity for the various alcohols to vary from strain to strain. To show whether a relationship existed between the ADH activities and higher alcohol productivities of various wine yeasts, we compared these two aspects under vinification conditions. Figure 1 shows the ADH specific activities observed in the cells of various strains harvested from vinous fermentations and higher alcohols produced by the strains. The curves representing these two parameters followed the same pattern, suggesting that if a strain possessed a higher ADH activity for certain fusel alcohol it also produced the higher quantities of the latter. This was particularly true when the strains producing the highest amounts of fusel oil were considered. For example, strain 586, which had the highest ADH activity for n-propanol, produced the highest amounts of this alcohol, as compared with other strains. The same was true in the case of strain 595 for isobutanol production and in the case of strain 51 for the production of active pentanol and isopentanol. These observations suggested a definite relationship between the ADH activities of yeasts and their fusel oil productivity.
This relationship between the ADH activity and the fusel oil productivity was further confirmed by doing the statistical analysis for coefficients of correlation and linear regressions between the two parameters. The regression analysis results (Fig. 2) Table 1 ). and production of fusel oil components: n-propanol, isobutanol, active pentanol, and isopentanol. In Table 2 are presented the calculated values for coefficients of correlation (r), coefficients of determination (r2), and levels of significance, corresponding to the r values obtained from Student's t table. It is evident that there is a significant correlation between the ADH activities and the fusel oil productivities of various wine yeast strains. Active pentanol and isopentanol, the major components of fusel oil, showed the best correlations (r = 0.931 and r = 0.899, respectively). The r2 values for these two alcohols showed that 86.6 and 80.9% of the variables were accounted for, respectively. Ethanol, which was produced in high quantities by all of the yeast strains, showed no correlation with ADH activity when plotted as in Fig. 1 . The statistical values for ethanol (Table  2 ) bear this out. In Table 2 the values for linear regression constants (a and b) are also given. Using these constants, a straight-line equation (y = a + bx) could be derived for each of the four higher alcohols; y represents the amount of a higher alcohol produced, and x is the specific activity of ADH for that alcohol. From these equations, then, the amounts of higher alcohols that would be expected to be formed by a given wine yeast strain could be predicted from the specific substrate activities of ADH for that strain. In Table 3 are presented the predicted values of higher alcohols as calculated from these equations and the values of the alcohols that were actually produced. There was a striking correlation between the predicted and observed values, with the exception of the isobutanol values for the respiratory mutant and for n-propanol, which is formed in low quantity. The coefficient of correlation calculated for the observed and predicted total higher alcohols (last two columns ofTable 3) was 0.941. This shows a highly significant relationship between the two. The strong correlation between the predicted formation of higher alcohols and those actually obtained should be a helpful tool for enologists. Measurement of the ADH specific activities in yeast cells would be useful for predicting, in advance, the formation of the total and individual higher alcohols in wine, brandy, and other distilled spirits productions. Higher alcohol formation has been shown to be partly yeast strain dependent (10) , but the formation is also influenced by the growth medium of the yeast (R. Singh, Ph.D. thesis). If subsequent research reveals that the ADH specific activities are also dependent upon the growth medium in the same way as is the higher alcohol formation, this could show how important ADH is as a controlling factor in the production of these alcohols.
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